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Introduction {#sec001}
============

The *Pasteurellaceae* family consists of several genera, of which *Pasteurella pneumotropica* biotypes "Jawetz" and "Heyl", *Actinobacillus muris*, and *Haemophilus influenzaemurium* are regularly identified during routine health monitoring of laboratory mice. *Pasteurellaceae* constitute the most prevalent bacterial pathogens in experimental facilities worldwide \[[@pone.0142560.ref001],[@pone.0142560.ref002]\]. Although the pathogenicity of most *Pasteurellaceae* species is low, *P*. *pneumotropica* is associated with variable clinical manifestations such as infections of the eye, genital tract, and respiratory system \[[@pone.0142560.ref003]\]. Even subclinical *P*. *pneumotropica* infections in immunocompetent mice could represent an unwanted experimental variable and may influence results \[[@pone.0142560.ref004]\]. Recently, the Federation of European Laboratory Animal Science Associations revised their recommendations on *Pasteurellaceae* reporting. While the prior version recommended monitoring all *Pasteurellaceae* species, specific identification of *P*. *pneumotropica* is currently recommended \[[@pone.0142560.ref005]\]. However, depending upon the research focus, some facilities may include identification of other *Pasteurellaceae* species, although this is controversial. Identification of *Pasteurellaceae* during routine health monitoring should be reliable, sensitive, fast, and easy to perform. However, no currently available method fulfills these criteria. *Pasteurellaceae* are usually detected by swab samples from the nasopharynx, genital tract, or large intestine and are cultured on agar plates, with subsequent analysis of suspicious colonies by using biochemical test kits. However, commonly used kits are optimized for human samples, and are not only unreliable for rodent sample identification to the species level but also sometimes fail to identify the correct bacterial family \[[@pone.0142560.ref005]--[@pone.0142560.ref007]\]. Analysis of subcultured bacterial colonies by matrix-assisted laser desorption/ionization-time of flight mass spectrometry offers good specificity; however, this method is expensive and lacks appropriate murine datasets. Additionally, serological tests are inappropriate for diagnosis of *Pasteurellaceae* infections, given that seroconversion of sentinel mice exposed to contaminated bedding or cohabitating with infected mice is unreliable \[[@pone.0142560.ref008]\]. There are also PCR-based options available for detection and differentiation of rodent-specific *Pasteurellaceae*: a genus-specific PCR assay to detect all *Pasteurellaceae* \[[@pone.0142560.ref009]\], species-specific assays to detect either of the *P*. *pneumotropica* biotypes "Jawetz" or "Heyl" \[[@pone.0142560.ref010],[@pone.0142560.ref011]\], a multiplex PCR assay based on the 16S-23S rRNA internal-transcribed spacer region \[[@pone.0142560.ref012]\], and a real-time PCR assay that distinguishes between the *P*. *pneumotropica* biotypes "Heyl" and "Jawetz" \[[@pone.0142560.ref013]\]. Unfortunately, only a limited number of species can be identified by multiplex PCR assays, and the specific real-time PCR assay for *P*. *pneumotropica* "Jawetz" has a low discrimination potential against *A*. *muris*. PCR followed by fragment sequencing provides an accurate and reliable identification method. However, it is time consuming and expensive. The combination of real-time PCR assays with high-resolution melting curve analysis (HRM) \[[@pone.0142560.ref014]\] offers a relatively new molecular technique for genotyping, mutation scanning, sequence matching \[[@pone.0142560.ref015]\], and identification of bacterial species \[[@pone.0142560.ref016]\]. HRM analysis of the 16S rRNA gene, as well as other highly conserved genes, successfully identified microbial isolates, including *Mycoplasma* \[[@pone.0142560.ref017]\], *Listeria* \[[@pone.0142560.ref018]--[@pone.0142560.ref019]\], *Brucella* \[[@pone.0142560.ref020]\], *Lactobacillus* \[[@pone.0142560.ref021]\], and *Staphylococcus* \[[@pone.0142560.ref022]\] to the species or strain level. Recently, the first multiplex HRM real-time PCR assay was developed for simultaneous detection of *Salmonella*, *Listeria monocytogenes*, and *Staphylococcus aureus* \[[@pone.0142560.ref023]\]. The aim of this study was to develop a reliable, simple, and rapid alternative method to identify *P*. *pneumotropica* and other common *Pasteurellaceae* species by using a real-time PCR assay with HRM analysis.

Materials and Methods {#sec002}
=====================

Bacterial strains and isolates {#sec003}
------------------------------

Six *Pasteurellaceae* reference strains were used for assay development and as positive controls in each experiment ([Table 1](#pone.0142560.t001){ref-type="table"}). Four were obtained from different culture collections (German Collection of Microorganisms and Cell Cultures: NCTC 8141 and NCTC 12432; Collection of the Pasteur Institute: CNP 160; Public Health England: NCTC 11146). The remaining two isolates included strains isolated and characterized within our facility (HMGU isolates). To evaluate the reference strains against a library of unknown isolates, 25 *Pasteurellaceae* isolates were used. These isolates were obtained from an external diagnostic laboratory and had been isolated from nasopharyngeal, tracheal, genital, or intestinal swab specimens from mice during routine health monitoring procedures.
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###### Overview of reference species and assignment of clinical isolates.

![](pone.0142560.t001){#pone.0142560.t001g}

                                                                             T~m~ (°C)[^a^](#t001fn001){ref-type="table-fn"}   
  ---------------------------------------- -------------- -------------- --- ------------------------------------------------- ------
  *Pasteurella pneumotropica* \"Jawetz\"   NCTC 8141      M75083         9   76.78                                             0.16
  *Pasteurella pneumotropica* \"Heyl\"     CNP 160        AF012090       4   79.10                                             0.13
  *Pasteurella pneumotropica*              HMGU isolate   HMGU isolate   1   78.77                                             0.14
  *Actinobacillus muris*                   NCTC 12432     NR_042870      3   77.82                                             0.15
  *Actinobacillus muris*                   HMGU isolate   HMGU isolate   6   78.35                                             0.13
  *Haemophilus influenzaemurium*           NCTC 11146     AF024530       2   78.56                                             0.17

^a^ Mean T~m~ and standard deviation (SD) were generated using T~m~ values from reference strains analyzed in quadruplicate by four real-time PCR/HRM experiments over a 1-year period.

^b^ Number of isolates assigned to the respective reference strain by real-time PCR/HRM.

Bacterial culture {#sec004}
-----------------

Isolates from the external sources were delivered in brain heart infusion broth (bioMérieux, Nürtingen, Germany) and subcloned for 24 h at 37°C on Columbia agar with 5% sheep blood (VWR International, Darmstadt, Germany). Single colonies were picked and propagated in brain heart infusion broth (Sigma-Aldrich, Munich, Germany) for 24 h at 37°C for DNA extraction. Liquid culture (1 mL) was processed using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany), according to manufacturer instructions.

Sequencing {#sec005}
----------

Genotypic analysis of all isolates was undertaken by partial 16S rRNA gene sequencing following genus-specific PCR using the primers 5′-CATAAGATGAGCCCAAG-3′ (forward) and 5′-GTCAGTACATTCCCAAGG-3′ (reverse) surrounding a 530-bp fragment \[[@pone.0142560.ref009]\]. PCR products were purified using the MinElute PCR Purification Kit (Qiagen) and sequenced at GATC Biotech AG (Konstanz, Germany). Sequence assignment was performed following a homology search using the Basic Local Alignment Search Tool provided by the National Centre for Biotechnology Information ([http://www.ncbi.nlm.nih.gov](http://www.ncbi.nlm.nih.gov/)).

Real-time PCR and HRM {#sec006}
---------------------

A real-time PCR assay \[[@pone.0142560.ref013]\] using the forward primer 5′-CGGGTTGTAAAGTTCTTTCGGT-3′ and reverse primer 5′-GGAGTTAGCCGGTGCTTCTTC-3′ was optimized for the RotorGene Q instrument (Qiagen). The primers flank a highly variable region of the 16S rRNA gene from the *Pasteurellaceae* family, with the resulting 93-bp amplicons used to generate the discriminating melting curves. Bacterial genomic DNA templates (4 ng) were added to a reaction mixture consisting of 10 μL 2X Type-it HRM Master Mix (Qiagen) containing EvaGreen DNA-binding dye, 720 nM of each primer, and ultrapure water to a final reaction volume of 20 μL. The PCR thermocycling parameters were as follows: initial denaturation at 95°C for 5 min, 40 cycles with denaturation at 95°C for 10 s and annealing/extension at 58°C for 30 s, followed by HRM ramping from 73--83°C. Fluorescence data were acquired at 0.1°C increments every 2 s in order to generate specific melting curves. For each experiment, the six reference strains were included as melting curve standards. Reactions were performed in quadruplicate for reference strains and triplicate for unknown isolates. The resulting melting curves were normalized to relative values of 100% (pre-melting phase) or 0% (post-melting phase) to eliminate differences in fluorescence intensity and background fluorescence between wells. To exclude contaminations in the reaction mixture, a no-template control was added to each experiment. Data analysis was performed using the Rotor-Gene Q Software 2.1 (Qiagen)

Results {#sec007}
=======

HRM of reference strains {#sec008}
------------------------

We assessed the suitability of the assay to distinguish between different *Pasteurellaceae* species and strains by testing the reference strains obtained from different culture collections or isolated from mice within our facility. Each reference strain exhibited a distinct HRM profile ([Fig 1](#pone.0142560.g001){ref-type="fig"}). The amplicons subjected to high-resolution melt generated melting peaks (T~m~) ranging from 76.78°C to 79.10°C. The melting profiles of all strains resulted in a single peak with a maximum T~m~ variation of 0.1°C for each of the quadruplicates. Standard deviations within individual experiments ranged from 0.01 to 0.06 for all reference strains. Since the mean T~m~ values for the six strains differed by at least 0.21°C, they were deemed suitable for discriminating between the reference strains. Reproducibility was confirmed by analyzing the reference strains in four experiments ([Table 1](#pone.0142560.t001){ref-type="table"}). The GC content of the six amplicons ranged from 43% to 47%, with amplicons having the same GC content displaying different melting points based on sequence differences. The *P*. *pneumotropica* "Heyl" and "HMGU isolate" reference strains differed in only one base pair (C/G--T/A). This single-base modification induced a 0.33°C shift in melting point.

![High-resolution melting analysis of six *Pasteurellaceae* reference strains.\
Representative difference curves derived from the normalized data using the *Actinobacillus muris* (HMGU isolate) reference as the baseline.](pone.0142560.g001){#pone.0142560.g001}

Analysis of unknown isolates by HRM and sequencing {#sec009}
--------------------------------------------------

To validate the assay in a relevant setting, 25 unknown *Pasteurellaceae* isolates were obtained from an external laboratory animal diagnostics provider. The generated melting points for each of the 25 isolates matched one of the reference strains. All 6 reference melting points were observed among the 25 isolates ([Table 1](#pone.0142560.t001){ref-type="table"}). HRM identification results were compared to partial 16S rRNA gene-sequencing results. Fragments (at least 300 bp) spanning the real-time PCR/HRM amplicon were used to categorize the isolates with one of the reference strains on the basis of similarity in their respective gene sequences, as obtained from GenBank. All isolates showed a minimum 97% shared sequence identity with one of the reference sequences. Twenty-three isolates displayed 100% similarity to their reference strain when the 93-bp real-time PCR/HRM amplicons were used for alignment. Two *H*. *influenzaemurium* isolates displayed 98% sequence similarity to the related reference strain based on two opposite and adjacent single-nucleotide modifications (A/G and G/A vs. G/A and A/G), which did not result in a change in the melting temperature. The multiple sequence alignment of the real-time PCR/HRM amplicons of reference strains and clinical isolates is shown in [S1 Dataset](#pone.0142560.s001){ref-type="supplementary-material"}.

Discussion {#sec010}
==========

In this study, we described a new approach using a real-time PCR/HRM system for identification and discrimination of *Pasteurellaceae* species, one of the most prevalent bacterial pathogens found in laboratory mice. The six reference species used for assay development exhibited sufficiently distinguishable melting profiles based on their different T~m~ values. Evaluation of the newly developed method using 25 unknown *Pasteurellaceae* isolates revealed accurate species identification of all specimens, confirmed by partial 16S rRNA sequencing. While sequencing is expensive and time consuming, the present method allows PCR and sequence analysis in a single step and can be completed in a few hours, thereby considerably increasing testing speed. Another advantage of this closed-tube method is reduced sample handling, resulting in elimination of PCR product contamination. Here, we used a short amplicon, because single-nucleotide modifications indicate unique melting points, even when specimens have the same GC content. Larger amplicons containing regions with different GC content may allow species differentiation based on changes in the melting curve profile. However, the effectiveness of detecting single-base substitutions decreases with increasing DNA-sequence length. In this study, sequence analysis revealed two opposite and adjacent single-nucleotide modifications in both *H*. *influenzaemurium* isolates as compared to the reference strain sequence. Species-level identification by HRM was reliable; however, this case revealed a major limitation of HRM. An unknown specimen not included in the reference library may possess the same T~m~ value as a non-associated reference strain. In this case, the melting point would allow assignment of the wrong species. This situation could only be avoided by rRNA sequencing, although accurate primer design might minimize the risk. Unknown strains with unprecedented melting profiles could be identified by sequencing and then be incorporated as additional reference controls. Here, only the application of pure isolated DNA from a single isolate yielded precise results. Based on these results, the combination of real-time PCR and HRM represents a fast and efficient application for the identification of *Pasteurellaceae* isolates grown from swab samples collected during health monitoring procedures. This simple and low-cost method has great potential to become a useful tool for research and diagnostic laboratories and can be easily adapted to other pathogenic bacteria.
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###### Multiple sequence alignment of the real-time PCR/HRM amplicons of reference strains and clinical isolates.
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